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Destructive interference of electron hopping on the frustrated kagome lattice generates Dirac nodes, saddle 
points, and flat bands in the electronic structure. The latter provides the narrow bands and a peak in the density of 
states that can generate correlated electron behavior when the Fermi level lies within them. In the kagome metal 
CoSn, this alignment is not realized, and the compound is a Pauli paramagnet. Here we show that replacing 
part of the tin with indium (CoSn;_,In,) moves the Fermi energy into the flat band region, with support from 
band structure calculations, heat capacity measurements, and angle resolved photoemission spectroscopy. The 
associated instability results in the emergence of itinerant antiferromagnetism with a Neel temperature up to 
30 K. Long range magnetic order is confirmed by neutron diffraction measurements, which indicate an ordered 
magnetic moment of 0.1-0.2 ug per Co (for x = 0.4). Thus, CoSn;_zInz provides a rare example of an itinerant 
antiferromagnet with a small ordered moment. This work provides clear evidence that flat bands arising from 
frustrated lattices in bulk crystals represent a viable route to new physics, evidenced here by the emergence of 
magnetic order upon introducing a non-magnetic dopant into a non-magnetic kagome metal. 


The symmetry and connectivity of certain crystalline lat- 
tices can produce extremely narrow electronic bands in recip- 
rocal space, i.e. flat bands. In such flat bands the electrons 
have a high density of states and strong many-body interac- 
tions that can lead to unusual non-Fermi liquid behavior and 
exotic ground states [1-7]. The most spectacular experimen- 
tal verifications of these ideas are found in the Moiré mate- 
rials such as twisted bilayer graphene structures, where un- 
usual magnetism, superconductivity, and the quantum anoma- 
lous Hall effect have been reported [8—10]. Pyrochlore lattices 
in 3D and kagome, Lieb and dice lattices in 2D also generate 
flat electronic bands in simplified theoretical calculations [1— 
7]. The basic physical idea is that the destructive interference 
of electron hopping on these lattices results in electron local- 
ization and bands with little dispersion in momentum space. 
Although bulk crystals are 3D, there are many quasi-2D lay- 
ered compounds where each layer has the desired geometrical 
arrangement of atoms. A comprehensive approach to iden- 
tify and classify all compounds that have relatively flat bands 
in the vicinity of the Fermi energy, and the topological char- 
acter of these bands was recently reported using the Inorganic 
Crystal Structure Database (ICSD) and the Topological Quan- 
tum Chemistry website [1, 4]. The thousands of potential flat 
band materials identified in the study were grouped further de- 
pending on whether the flat bands were due primarily to local 
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atomic wavefunctions (like in many rare earth compounds) or 
to more extended Bloch-like wavefunctions. It is the latter ma- 
terials that are predicted to host many exotic phenomena such 
as the fractional quantum Hall effect, unusual magnetism, and 
unconventional superconductivity [4]. 

Compounds with crystal structures containing kagome lay- 
ers are relatively common, and include Fe,Sn,, Fe,Sn, FeSn, 
FeGe, CoSn, Co3Sn,S,, the HfFe,Ge, family, RhPb, Niln, 
PtTl, and the recently reported compounds Ni,In, and AV3Sb, 
(A = K, Rb, or Cs) [11-17]. However, evidence for the flat 
bands impacting the physical properties is rare, since they 
must be tuned to lie near the Fermi energy. In twisted bilayer 
graphene, tuning is accomplished with a gate voltage [8, 18], 
but in bulk crystals chemical doping or pressure can be used. 

In CoSn, the flat bands are below the Fermi energy by about 
100 meV, suggesting they can be accessed by hole doping. 
Previously we studied the effects of Fe or In doping on the 
properties of CoSn. Replacing 1-20% of the Co with Fe re- 
sulted in a spin glass [17]. Although adding Fe to CoSn did 
add holes and moved the flat bands closer to E p, each Fe also 
appeared to carry a local magnetic moment of about 2 ug that 
dominated the magnetic response and obscured the underly- 
ing flat-band physics [17]. Indium doping was limited in that 
study to concentrations only up to 20%, and while showing 
no phase transition, indicated an approach toward a flat-band 
related instability with increasing In content. 

In this Letter we report results obtained by replacing up to 
40% of the Sn in CoSn with In, which has one fewer valence 
electron than Sn. This substitution results in a movement of 
the Fermi level into the flat bands, while avoiding the com- 
plication of local moment magnetism seen with Fe doping. 
Magnetization measurements, neutron diffraction, and density 
functional theory calculations show that indeed a magnetic in- 
stability is induced. Angle resolved photoemission and heat 
capacity measurements confirm the flat-band-peak in the den- 
sity of states is responsible for the transition. The ground state 
for high In doping (x + 0.40) is identified as a long range or- 
dered antiferromagnetic state by neutron diffraction, with a 
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FIG. 1. Effect of In substitution on electronic structure of CoSn. (a) The crystal structure of CoSn. (b) The standard notation for the Brillioun 
zones for the hexagonal unit cell, with the surface Brillioun zone shown at the top. (c) The electronic structure of CoSn. (d) The electronic 
structure of CoSno.67Ino.33 calculated using the VCA. Bands in this energy range primarily originate from Co d orbitals, highlighted in the 
figure as dark blue for dz2—y2 and dzy, cyan for dz2, and black for dz- and dyz. The exception is the band producing the hole pocket near the 
A point in CoSn, which has strong Sn character. The DOS values are plotted per unit cell and there are three formula units per unit cell. 


moment of 0.1-0.2 ug per Co and an ordering temperature of 
24 K. A maximum Neel temperature of 30 K is observed in 
this series by magnetization measurements. This work pro- 
vides a clear example of a new correlated ground state emerg- 
ing as the Fermi level approaches flat bands, evidenced by 
the appearance of magnetic order upon introducing a non- 
magnetic dopant into a non-magnetic kagome metal. 

Details of the crystallography of CoSn;_,In, and growth 
of the samples used in this study can be found in the Sup- 
plemental Information [19]. The structure of CoSn is shown 
in Figure la. It contains a kagome net of Co (Wyckoff posi- 
tion 3f) and two Sn sites (la, 2d), with three formula units in 
the hexagonal unit cell. Neutron diffraction and Méssbauer 
spectroscopy show that In substitutes onto both Sn sites, with 
a preference for the la site over the 2a site apparent at high 
doping levels [19]. 

We begin with simple electronic structure calculations that 
motivate our interest in CoSn,_,In,. These are summarized 
in Figure 1. In CoSn (Fig. Ic), flat bands in the L-H-A plane 
are found about 100 meV below the Fermi energy. The band 
structure for CoSno.¢7Ino.33 calculated using the virtual crys- 
tal approximation (VCA) is shown in Figure 1d. Indium sub- 
stitution moves the Fermi energy down (akin to hole doping a 
semiconductor) and into the flat band region. The calculated 
density of states at Ep is increased by more than a factor of 
three, from 3.1 to 11.2 eV~! per unit cell. In addition to mov- 
ing the Fermi level into the flat band region, these calculations 
suggest indium substitution also produces some curvature to 
the flat band around the L point and pushes up the predom- 
inantly Sn band (the band producing the hole pocket near A 
in CoSn). Thus, while the effects of In substitution are more 
complicated than a simple rigid band shift, a clear enhance- 


ment in DOS at Ep is seen, producing a tendency toward an 
electronic/magnetic instability arising from the flat bands. 

Figure 2 shows the electronic band structure of 
CoSno.sIno.4 determined by angle-resolved photoemis- 
sion spectroscopy (ARPES) measured at 15 K. A map of the 
measured Fermi surface is provided in the Supplementary 
Material [19]. The ARPES intensity plots along the projected 
high symmetry directions [ — K and M — K are shown in 
Fig. 2a and 2b, respectively. The corresponding curvature 
plots are shown in Fig. 2(c,d). Along both directions, a 
partial flat band touching Ey can be observed. Figures 2e 
and 2f compare energy distribution curves (EDC) for CoSn 
and CoSno.sIno.4 at the T and K points. While quantitative 
comparison of the ARPES data and DFT calculated band 
structures is likely not warranted, the ~0.1 eV chemical 
potential shift is apparent in the data, pushing Er toward 
the flat band region and increasing the density of states 
at the Fermi level. The change in the DOS at Ep is also 
evidenced by low-temperature specific heat measurements, 
the results of which are shown in Figure 2g. The composition 
dependence of the Sommerfeld coefficient y determined from 
low temperature heat capacity data is shown in the inset. 
The observed increase of y with x demonstrates that indium 
doping continually increases the DOS at Ep. Together the 
ARPES and heat capacity results provide clear experimental 
evidence that indium doping moves the Fermi level into the 
flat band region of the electronic structure in CoSn,_,Inz, 
supporting the intuitive electron counting picture and the 
DFT band structure calculations. With this established, in the 
following we will show that the associated instability results 
in the emergence of flat band related magnetic order. 

As noted above, CoSn is a Pauli paramagnet and indium 
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FIG. 2. Evidence for the Fermi energy approaching the flat bands in CoSnı—-zInz. (a,b) ARPES intensity plots from CoSno.sIno.4 along the 
high symmetry I — K and M — K directions, showing flat bands near Er. The curvature plots of (a) and (b) are shown in (c) and (d), 
respectively. Comparison of EDCs for CoSn and CoSno,.¢Ino.4 at the K (e) and I (f) points show increased DOS near Er induced by In 
doping. (f) Low temperature specific heat data and fitted Sommerfeld coefficients y (inset), which increases in In content indicating higher 


DOS at Er in In doped crystals. 


substitution up to 20% has been shown to increase the over- 
all magnetic moment [17]. This is consistent with the elec- 
tronic structure response just described, but no new ground 
state was observed at this modest indium content. Crystals 
with higher indium concentrations produced for the present 
study indeed reveal a transition to a long range magnetically 
ordered state. This is unambiguously demonstrated in Figure 
3. The magnetic susceptibility of a polycrystalline sample of 
CoSno.6Ino.4 shows a clear and sharp cusp at 24 K (Fig. 3a), 
and neutron diffraction from the same sample shows the on- 
set of a magnetic Bragg peak at this same temperature. The 
Bragg peak is located at 0 0 4 position. Neutron diffraction 
patterns and more details of the measurements can be found 
in [19]. Since neutron diffraction measures the component of 
magnetization perpendicular to the scattering vector, and no 
other magnetic reflections are detected, the data suggests the 
ordered moments lie primarily in the ab plane, and are coupled 
antiferromagnetically along the c direction. This ordering is 
generally consistent with anisotropic magnetic susceptibility 
data shown below. 

The simplest model magnetic structure consistent with the 
data is A-type antiferromagnetic order, as shown in Figure 3c, 
although canting of the moments within the plane, which has 
been suggested for FeSn [20], cannot be ruled out. From the 
magnitude of the 004 peak in the full diffraction patterns, 
and assuming this magnetic structure, the ordered moment is 
refined to be 0.1-0.2 upg per Co, near the minimum limit for 
the neutron diffraction techniques used here. Diffraction data 
from a sample with less indium (CoSno.62Ino.38) suggested 
an even smaller moment, with the magnetic peak barely de- 
tectable. The smallness of the ordered moments is likely re- 
sponsible for the absence of clear evidence of the transition 
in resistivity or heat capacity data, although the gradual de- 
velopment of magnetic correlations well above Ty may also 
diminish features in those measurements at the transition to 
long range order [19]. Together magnetization and neutron 
scattering data show that CoSno.¢Ino.4 undergoes a transition 


to an antiferromagnetically ordered state at Ty =24K with 
small ordered moments consistent with itinerant magnetism. 

The evolution of the magnetism in CoSn,_,In,, from 
Pauli paramagnetism at x =0 to antiferromagnetic order near 
x=(.4, is summarized in Figure 4. For low In content, Pauli 
paramagnetic like behavior is generally observed in the tem- 
perature dependence of the magnetic susceptibility x. When 
x exceeds about 0.25, Curie-Weiss like behavior emerges at 
higher temperatures. Note that the slight downturn in y at the 
lowest temperatures seen for x = 0.25 and 0.30 is attributed to 
a superconducting transition in a Sn-In alloy present in resid- 
ual flux on the crystals. For samples with x = 0.35 a subtle 
cusp in x is observed at 8-10 K. When x approaches 0.40, 
a clear indication of the antiferromagnetic order described 
above is seen. We note that the x values used here were de- 
rived from energy dispersive spectroscopy measurements and 
the trend in lattice parameters with composition described in 
[19], and we ascribe an uncertainty in x of about +0.02. 

The magnetic phase diagram of CoSn;_,,In,; is shown in 
the inset of Figure 4, based on magnetization measurements 
like those shown in Figures 3 and 4. This is constructed from 
measurements on many samples, including both single crystal 
and polycrystalline forms. Magnetic order emerges at 0.3 < 
x < 0.35 and the highest measured ordering temperatures are 
30 K for a polycrystalline sample with x ~ 0.40. 

Data is shown in Figure 4 for a single crystal of 
CoSno.62INo.3g with magnetic fields along c and in the ab 
plane. The temperature dependence suggests an antiferromag- 
netic ground state with moments primarily in the ab-plane, 
consistent with the neutron diffraction discussed above. This 
sample has a Neel temperature of 30 K. Well above Ty the 
susceptibility is accurately described by a Curie-Weiss law, 
C/(T - 0). While Curie Weiss behavior is often associated 
with local magnetic moments, it is not uncommon to find this 
behavior in itinerant magnet systems as well, likely related 
to fluctuations, and even when in compounds with no “mag- 
netic” elements [21]. This has been observed in the itiner- 
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FIG. 3. Emergent magnetic order in CoSn;_,Inz. (a) Magnetic sus- 
ceptibility from a CoSno.sIno.4 powder (corrected to remove a con- 
tribution from a small cobalt impurity) showing a cusp indicative 
of antiferromagnetic order developing below Tyn =24K. (b) Inten- 
sity of the 0 0 i antiferromagnetic Bragg peak measured by neutron 
diffraction from the same powder, with an order parameter fit giving 
an onset of 24K (data from HB-1A). (c) A simple model magnetic 
structure consistent with the experimental data. 


ant antiferromagnet TiAu, with an effective moment of 0.4 
uplatom [21], as well as the itinerant ferromagnet Sc3In with 
an effective moment of 0.5 upg/atom [22]. Fitting the data 
for CoSno ¢2Ino.38 gives 0 = -140 K, and an effective moment 
Leff = 1.92 upg per Co. The Weiss temperature is about 5 
times larger than Ty suggesting significant frustration and, 
interestingly, Hepp is close to the S = 1/2 value of 1.72 up. 

Finally, we return to the first principles calculations to ex- 
amine the nature of the magnetism in CoSn,_,In,. These all- 
electron calculations were performed within the Generalized 
Gradient Approximation, with details provided in [19]. The 
In and Sn distribution was modeled in two ways, the VCA, as 
used for the band structures shown in Figure 1, and by using 
ordered structures with the two Sn sites either fully occupied 
by Sn or by In. The calculations showed a preference for In 
to occupy the Sn1 site, consistent with experiment. The total 
energy per unit cell is over 100 meV lower when In is substi- 
tuted for Sn1 than it is when In is substituted for Sn2. Thus, 
calculations were done for CoSno.¢7Ino.33, with In fully re- 
placing Sn1 in the ordered cell model, and with a 2:1 mixture 
of In and Sn on both sites in the VCA. 

We first note that our DFT calculations produce non- 
magnetic solutions for pure CoSn. For CoSno.¢7Ino.33 on the 
other hand, total energy calculations for both models provide 
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FIG. 4. Magnetic phase diagram of CoSni—,In,. The temperature 
dependence of the magnetic susceptibility of several polycrystalline 
and single crystal CoSni_zInz samples with varying values of x, 
measured in a field of 1 kOe. Formation of AFM order is evidenced 
by a subtle cusp near 7.5 K for x =0.35 and the clear maximum and 
anisotropic behavior for x =0.38. The downturns in x at low T for 
x=0.25 and 0.30 are attributed to a superconducting Sn-In alloy 
present in residual flux on the crystals. A phase diagram constructed 
from these and other measurements is shown in the inset. The sol- 
ubility limit is near x = 0.40. Points at T=0 indicate no magnetic 
transition was detected down to 2 K. 


strong evidence of a magnetic instability. Energies of ferro- 
magnetic (FM) and A-type antiferromagnetic (AF) structures 
fall well below the those from the non-magnetic calculations 
(see table in [19]). This emergence of magnetism with In dop- 
ing is consistent with experimental observations and is a direct 
consequence of the movement of the Fermi level into flatter, 
higher density-of-states bands below the CoSn Fermi level. A 
small ordered moment is found in the calculations (0.3-0.4 u g 
per Co). In conflict with the experimental data, the calcula- 
tions predict FM order to be favored over AF by about 0.5 
meV per Co in the ordered model and 3 meV per Co in the 
VCA. We do note that this calculated energy difference (i.e. 
AF — FM) is relatively small, especially for the ordered model, 
and strongly dependent on the number of k-points used. As 
many as 10,000 k-points in the full Brillouin zone were re- 
quired to obtain sufficient convergence. This result indicates 
that the ground state is sensitive to subtle changes in the elec- 
tronic and lattice structures. This may in fact also reflect the 
importance of flat bands in CoSn, which present a challenge 
to first principles calculations. We also note that up to this 
point, correlations have been neglected in the theory. To de- 
termine how correlations may affect the magnetic order, cal- 
culations were performed with GGA+U and a moderate value 
of U=2eV on Co. This indeed changes the calculated ground 
state to the experimentally observed AF state, falling some 11 
meV per Co below the FM state. While this calculation results 


in a too-large cobalt moment of 1.2 up, it is nonetheless sug- 
gestive of the potential role of electronic correlations in the 
observed magnetic behavior. 

The calculations also provide insight into the itinerant na- 
ture of the magnetism in CoSn,_,JIn,. Normally, itinerant 
behavior, as opposed to local moment behavior, is theoreti- 
cally established by the inability to converge magnetic states 
consistent with the magnetic pattern chosen during initializa- 
tion of the calculations [23]. That is, during convergence the 
system spontaneously chooses an alternative arrangement, po- 
tentially the ground state. Such behavior generally indicates 
that the magnetic moments involved do not possess individual 
or “local” character, where the magnitude of the individual 
moments is largely independent of the particular ordering pat- 
tern modeled. See Ref. 23 for additional details. To test this, 
we performed a calculation (using the ordered CoSno ¢7Ino.33 
cell) starting from a ferrimagnetic structure with one of the 
three Co moments antialigned to the other two. When initial- 
ized in this way, the calculation converged to the ferromag- 
netic solution, with the single Co moment initialized opposite 
to the other two spontaneously flipping to coalign with the 
others. Thus, the first principles calculations indicate alloying 
In into CoSn induces generally itinerant magnetism, as found 
experimentally. 

In summary, using CoSn,_,In, we have demonstrated the 
emergence of magnetic order in a non-magnetic kagome metal 
by using a non-magnetic dopant to tune the Fermi energy. 
The movement of Ep to energies with high DOS associated 
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with flat bands is confirmed by first principles calculations, 
ARPES, and heat capacity measurements. The resulting mag- 
netic order is identified in magnetization measurements and 
neutron diffraction, and A-type antiferromagnetic order with 
small moments lying within the kagome planes is the simplest 
model consistent with the data. The experimental data and 
theoretical calculations suggest CoSn,_,In, is a relatively 
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I. SUPPLEMENTARY MATERIALS 
A. Sample growth, characterization, and structure 


Single crystals of CoSn,;_,In,; are grown out of a tin- 
indium flux, as described in detail previously [S12, S15-S17]. 
Crystals with a composition of CoSno.73Ing.27 are grown from 
a starting composition of 25 g In (99.999), 5 g Sn (99.9999) 
and 0.5 g Co (99.95) in a 10 cc alumina crucible sealed in- 
side an evacuated silica ampoule. After homogenizing the 
liquid at 1130 °C for 24 h, and physically shaking the liquid 
at 900°C, the melt is cooled at 1°C/h to 620°C. At 620°C 
the silica ampoule is removed from the furnace and the ex- 
cess Sn-In flux is centrifuged into a 10 cc catch crucible filled 
with coarse porosity quartz wool. For In concentrations be- 
low x-0.3 the crystals grow as hexagonal bars with typical 
dimensions of a few mm on a side with lengths up to 20 mm. 
For values of x > 0.3, the crystal morphology changes to pri- 
marily hexagonal plates a few mm on a side and less than 1 
mm thick and the yield of crystals drops dramatically. For ex- 
ample, from approximately 25 grams of an indium rich flux, 
only about 50-100 mg of crystals of composition CoSno ¢Ino.4 
precipitate from the melt with each crystal weighing less than 
1 mg. Crystals from a CoSno.¢5Ino.35 growth are shown in 
Fig. S1. The chemical composition of several crystals from 
each growth are checked using an Hitachi TM-3000 electron 
microscope equipped with a Bruker Quantax 70 for energy 
dispersive spectroscopy (EDS). All of the In-doped crystals 
are chemically homogenous within the limits of this analysis. 
The EDS determined composition is used to label the crystals 
in this work. 

Polycrystalline samples of CoSn;_.,In, are prepared by us- 
ing +1 mm pieces of Co metal, In shot and Sn shot. Stoichio- 
metric amounts of each element with a typical total mass of 
5 g are loaded into an evacuated clean round bottom silica 
ampoule. The ampoule is heated to 600°C for a few hours 
and then heated to 1100°C for 20 h, followed by 1180°C for 
2-4 h. The ampoule is removed from the furnace at 1180 °C 
and quenched into water, making sure that the liquid remains 
at the round bottom of the sealed ampoule. After cooling to 
room temperature, the ampoule and sample are annealed in 
a furnace for 4-5 days at 800°C. The phase purity and lat- 
tice constants from both polycrystalline and single crystals 
of CoSn,_.In, are determined from powder x-ray diffraction 
using a PANalytical X’ pert Pro diffractometer with Cu Ky, 
radiation. No significant mass loss was observed in the poly- 
crystalline growths, and no significant secondary phases were 
observed by x-ray diffraction. EDS measurements on pow- 
der grains gave values of x within 0.01-0.02 of the nominal 
(loaded) compositions. The nominal composition is used to 


label the polycrystalline samples in this work. 

Magnetic susceptibility, resistivity and specific heat mea- 
surements are made using commercial equipment from Quan- 
tum Design. Powder neutron diffraction data is collected at 
both the Spallation Neutron Source SNS (POWGEN) and the 
High flux Isotope Reactor, HFIR, beamlines HB-2A, and HB- 
1B. Tin-119 Mossbauer spectra were recorded in a constant 
acceleration mode spectrometer in the +10 mm/s velocity 
range at room temperature using a Ca!19™ SnO; source with a 
Wissel drive and CMCA-550 data acquisition unit. To reduce 
Sn fluorescence from the source and sample, an indium foil 
was placed between the powdered samples mixed with boron- 
nitride and a sodium iodide scintillator. 

The variation of the lattice parameters and volume with in- 
dium concentration, x, are shown in Fig. S2. The c lattice 
parameter and volume increase up to about x = 0.40, which 
is the solubility limit for indium in both single crystals and 
polycrystalline samples prepared as described. The percent- 
age variation of the a lattice constant with doping is smaller 
than c, but it is clearly non-monotonic and peaks near x = 0.2. 
A likely explanation is that the In dopant prefers one of the 
two Sn sites in the CoSn structure. A site preference could 
not be determined using x-ray diffraction because of scatter- 
ing factors for Sn and In. The site preference could be de- 
termined using powder neutron diffraction and Sn Mossbauer 
measurements, as shown below. 


B. Neutron diffraction 


A full neutron diffraction pattern collected at POWGEN at 
1.8K for CoSno.gInp.4 is shown in Fig. S3. The magnetic 
peak at 00 $ is shown in the inset. The magnetic space group 
for the model presented in the main text is determined to be 
C.mcm (#63.466). This is consistent with A-type magnetic 
order; however, we cannot completely exclude another pos- 
sible magnetic structure, i.e., the in-plane noncollinear spin 
ordering with antiferromagnetic arrangement along the out- 
of-plane direction. 


C. Indium site preference 


To examine the origin of the non-linear evolution of the 
lattice constants of CoSn,_,In, with increasing x (Fig. S2) 
we Set out to determine the site occupation of the Sn sites by 
Mossbauer spectroscopy and neutron diffraction. CoSn has 
two tin sites. Snl (Wyckoff la) sits within the hexagons of the 
Co-kagome layer and Sn2 (Wyckoff 2d) forms a honeycomb 
network between the kagome sheets. Critically, we would ex- 
pect different lattice evolution by doping the larger indium 
atoms onto one site or another. For example, stuffing In into 
the la-site within the close-packed SnCogz plane might expand 
the a lattice parameter more than c. In an extreme case, In 
preferentially filling this site first, we would expect the lattice 
to expand quickly in plane until the site is completely filled 
(around x = 1/3). For larger dopings, indium would have to 
start filling the honeycomb 2d site expanding the c axis faster. 
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FIG. S2. Variation of the lattice constants and unit cell volume of CoSn;—zInz with x. The black circles are from polycrystalline samples (x 
corresponding to the loaded Sn/In ratio) and the blue circles from single crystals (x measured by EDS). The weak variation of c and V with 
x for values of x > 0.4 signals the solubility limit for In in the CoSn structure. The unusual variation of the a lattice constant with x reflects 
preferential substitution of In into one of the two Sn sites in the CoSn structure (see text for more details). 


This is roughly what is observed in the lattice parameter evo- 
lutions presented in Fig. S2. 


To test this idea, we sought indium site occupations on the 
la and 2d sites across the CoSn,_,In, series. Indium and 
tin are adjacent, heavy elements and therefore there is little x- 
ray scattering contrast between them. Fortunately, they have 
moderate neutron scattering contrast. We obtained the indium 
fraction on the two sites, defined here as Ila and I2d, by refin- 
ing our HB-2A and POWGEN neutron diffraction data from x 
= 0.38 and x = 0.4 powders. To do this we forced the indium 
fractions to give the correct overall composition; x = (Ila + 
2 12d)/3. As shown in Figure S4, the resulting values show a 
50% and 30% higher fractional indium occupation of the la 
than 2d sites. There is a clear site preference for In on the la 
site within the kagome plane. 


MOssbauer spectroscopy gives us an alternative method to 
extract the fractional occupations of the two sites. The two 
sites in CoSn have distinctly different Mossbauer parameters 
[S24] allowing us to estimate the relative number of Sn on 
each site. The Mossbauer spectra of CoSn,_,In, are simi- 
larly comprised of two doublets that correspond to the Sn1 and 
Sn2 sites of the structure. According to the site multiplicity, a 
spectral area ratio of Sn1/Sn2 of 1:2 is expected, if the Lamb- 
MOssbauer factor for Sn at both sites is considered equal, as 
is observed in Ref. [S24] and in our data for x = 0. The iso- 
mer shift and quadrupole splitting for both sites are found to 


be consistent with those of intermetallic Sn and those in Ref. 
[S24]. Examining the data for samples with x>0, we do not 
observe any significant change in the spectral parameters as a 
function of indium content. In contrast, the ratio of Sn1/Sn2 
spectral area increases from 1:2 (1/3 on the la site and 2/3 on 
the 2d site) for x=0, to 1:3 (1/4 on the 1a site and 3/4 on the 2d 
site), for x=0.4, which corresponds to a small but significant 
preference for In to occupy the Sn1 site and indicates that the 
site occupation of indium does not occur randomly. For CoSn 
we expect to find the fraction of all tin atoms on the la site, 
Fla, to be 1/3 because there are two 2d sites and one la site 
per unit cell. If indium has no site preference, it will occupy 
these sites so that Fla will remain 1/3. This is not what we 
observe. We calculate the fraction of la sites that have indium 
using the overall composition. 


Ma = 1-3F la(1 — x); [2d = 1/2(32-1 + 3F 1a(1-2)) 


Figure S4 clearly shows a consistent preference for indium 
on the la site especially for larger indium concentrations. 
Both neutron diffraction and Méssbauer spectroscopy reveal 
indium’s site preference for the la site within the Co kagome 
layer. The evolution of the site fillings by indium is likely the 
origin of the non-linear trends of the lattice parameters across 
the CoSn;_,In, series (see Fig. S2). 
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FIG. S3. Rietveld refinement of powder neutron diffraction data collected at 1.8 K. Inset shows the region near the 0 0 i magnetic peak at 1.8 


and 50 K. 
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FIG. S4. Occupancy of the two Sn sites as the concentration of in- 
dium, x, is changed in the CoSn structure. Blue points are from pow- 
der neutron diffraction data, and the black points are from Méssbauer 
data. For x near 0.4, In prefers the la site in the kagome layer by 
about a factor of 2 to 1. 


D. Angle Resolved Photoemission Spectroscopy 


The ARPES experiments were performed at beamline 21- 
ID-1 at National Synchrotron Light Source II, Brookhaven. 
All samples were cleaved in-situ in a vacuum better than 5 x 
1071! Torr. The measurements were taken with synchrotron 
light source and a Scienta-Omicron DA30 electron analyzer. 
The total energy resolution was set to be 15 meV. The sample 
stage was maintained at low temperature (T=15 K) throughout 
the experiment. Additional EDC curves and a Fermi surface 
map, collected along with the data shown in the main text, are 
shown in Fig. S5 


E. Electrical resistivity 


Resistivity measurements were made on small rectangular 
bar shaped crystals with silver epoxy (H20E) electrical con- 
tacts and 0.001 or 0.002 inch diameter platinum wire. Before 
the measurements, a pulsed DC current (30 mA) was used to 
lower the contact resistance to less than 1 Q. The long di- 
mension for some of the crystals was slightly less than 1 mm 
resulting in about a 50% uncertainty in the absolute value of 
the resistivity. 

The in-plane electrical resistivity pap versus temperature for 
several In-doped CoSn crystals and one Fe-doped crystal with 
composition Coo.g3Feo.17Sn is shown in Fig. S6. Each curve 
is normalized to | at 300 K . All of the crystals are good met- 
als with the room temperature resistivity reaching a value of 
about 300 wQcm for the more heavily doped samples. Note 
the much larger effect Fe doping has on the resistivity curves. 
The crystals with 0.35 and 0.4 concentrations of In have resis- 
tivities that are nearly linear at the lowest temperatures (2-10 
K), indicating substantial non-Fermi liquid behavior. All of 
the magnetically ordered crystals have a negative transverse 
magnetoresistance of a few percent at 2 K (also see Ref. S25). 


F. Heat capacity 


The low temperature specific heat data from a series of 
indium-doped CoSn crystals are shown in Fig S7a. There is 
no clear evidence of a phase transition in the raw heat capacity 
data. This is not surprising because of the small magnitude of 
the ordered magnetic moment and the highly itinerant nature 
of the magnetic order. In weak itinerant ferromagnets such as 
ZrZn,, and Sc3In, the entropy released near To is typically 
about 1-3% of the entropy expected for a mole of S = 1/2 
spins (RIn(2)= 5.76 J K~'mole~'!) [S22, $26]. Weak itiner- 
ant antiferromagnets appear to be quite rare. One example is 
orthorhombic TiAu, which has T y = 36 K and an ordered mo- 
ment of 0.15 up per Ti [S21] with an entropy release near T y 
of 3% of Rin(2). 
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FIG. S5. Additional ARPES results. Second derivative of EDC curves near Er along different crystallographic directions and a Fermi surface 


map for CoSno.¢Ino.4. 
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FIG. S6. Resistivity from single crystals of CoSni_zInz for x =0, 
0.27, 0.35, 0.40. For all of the crystals the resistivity in the kagome 
planes (pap) is 10 to 20 times larger than pe [S12, S15—S17]. With 
increasing In content there is a remarkable increase in the magnitude 
of the resistivity associated with the movement of the Fermi energy 
into the flat bands and the onset of magnetic order. The room temper- 
ature values of pa» for the x = 0.27, 0.35 and 0.4 crystals are all about 
300 uQcm. For x =0.40 the magnetic order at 30 K is not apparent 
in the resistivity data or its temperature derivative. For comparison, 
Pab from an iron-doped CoSn crystal (Coo.g3Feo.17Sn) with a sim- 
ilar room temperature resistivity is shown by the dashed line. The 
iron-doped material undergoes a spin-glass transition at 6 K [S17] 
which also is not evident in the electrical transport data. 


Indium doped crystals with x = 0.35 have a small feature 
in the magnetic susceptibility near 8 K, which we attribute to 
antiferromagnetic order. For this composition, plots of C/T vs 
T? are extremely linear from 12 to 20 K, which suggests that 
data from this temperature interval can be used to accurately 
extract the lattice contribution to the specific heat data for T < 
20 K. After subtracting the lattice contribution, the remaining 
electronic/magnetic contribution to C/T is shown in Fig. S7c. 
While there is some entropy released on heating to about 15 
K, it only amounts to about 1.5% of Rin(2). The effect of an 
80 kOe magnetic field on the peak in Fig. S7c is minimal, pre- 
sumably because of the small magnetic moments. This anal- 


ysis, however, makes several assumptions and should only be 
regarded as qualitative. 

A simpler, more quantitative analysis of the specific heat 
data simply compares the specific heat of the indium-doped 
crystals to that of CoSn. As is evident in Fig. S7a, with 
increasing indium content the value of the low temperature 
Sommerfeld coefficient, ~y, increases from 3.7 mJ K~?mole~! 
for CoSn to 22 mJ K~?mole~! for CoSno.gIno.4 (see main 
text). The excess specific heat for the In-doped crystals rela- 
tive to pure CoSn persists up to 100-160 K. Above 160 K the 
specific heat data from all of the indium-doped crystals are the 
same as for pure CoSn, within experimental error. Integration 
of the excess in C/T for the indium-doped crystals relative to 
the C/T data from CoSn yields the entropy evolution on heat- 
ing to 160 K of 30 - 60% of Rin(2) (Fig. S7b). This analysis 
is plausible, particularly in a quasi-2D material, since the very 
electrons that generate a high density of states are the same 
electrons that generate the weak itinerant antiferromagnetism. 
For example, CoSno.¢Ino.4 crystals have T y =30 K, but about 
75% of the entropy is removed above Ty, which is typical 
for a quasi-2D magnet. In the case of a robust quasi-2D mag- 
net with more localized magnetism like FeSn only about 10% 
of the entropy is removed near Ty and most is removed well 
above T y as short-range magnetic order in each kagome layer 
[S16]. 


G. DFT calculations 


First principles calculations were carried out within 
the Generalized Gradient Approximation, using the lin- 
earized augmented plane-wave density functional theory code 
WIEN2K. Sphere radii of 2.46, 2.48 and 2.46 Bohr were used, 
respectively for Co, Sn and In, and an RKmax value of 9.0 (the 
product of the smallest sphere radius and the largest plane- 
wave expansion vector) was employed; spin-orbit coupling 
was not included. Lattice parameters of CoSn were used for 
all calculations. Relative energies and ordered moments from 
calculations using three different approaches are collected in 
Table I, where NM means non-magnetic, FM means ferro- 
magnetic, and AF means antiferromagnetic with FM layers 
stacked AF. 
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FIG. S7. Heat capacity divided by temperature for CoSni—zInz crystals with x = 0, 0.11, 0.27, 0.35 and 0.4. For temperatures above about 
160 K the C/T data converge for all values of x. (b) Excess entropy for samples with x = 0.27, x = 0.35 and x = 0.4 relative to pure CoSn. 
Note that on cooling entropy is removed beginning near 150 K. For the x = 0.40 sample the total change in entropy relative to CoSn is about 
0.6RIn(2). (c) Estimated electronic/magnetic heat capacity for a CoSno.¢5Ino.35 crystal with x = 0.35, and Tw ~ 10 K after subtracting the 


lattice contribution. See text for details. 


TABLE I. First principles-calculated properties of the CoSnz/3In;/3 material in three approximations. “Substitution” — the onefold Sn site is 
replaced in the unit cell by In. “VCA” — the virtual crystal approximation, where all Sn atoms are assumed to have ionic charge Z= 49.66667, 
with the total number of electrons in the cell adjusted accordingly; “+U” — the same unit cell as in the “Substitution” calculation is used, with 
a U of 2 eV applied to the Co d orbitals (self-interaction-corrected option). The Moment column lists the total moment within the Co sphere. 
In the Energy column, “0” represents the ground state. 


Approach Magnetic state | Moment (ug / Co) | Relative energy (meV / Co) 
NM = 17.18 
GGA, Substitution FM 0.419 0 
AF 0.429 0.51 
NM -= 9.66 
GGA, VCA FM 0.274 0 
AF 0.277 3.24 
NM - 160.41 
GGA+U, Substitution FM 1.100 11.05 
AF 1.156 0 


